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10.7  INTRODUCTION

Our knowledge of the composition and physical properties of planetary atmo-
spheres is impotiant  for the understanding of the origin and evolution of the planets
themselves, as well as for providing a comparative basis for understanding the
Earth”s  atmosphere. The physical conditions of planetary atmospheres vary widely
from place to place within a given atmosphere and from planet to planet. Conse-
quently, a variety of experimental techniques is required to explore the atmo-
spheres fully. Remote sensing using microwave techniques has been particularly
productive in exploring the deep atmospheres of the giant  pfanets,  Jupiter, Saturn,
Uranus, and Neptune, as well as our nearest neighboring planet, Venus, whose’
atmospheric pressure at its surface is nearly  100 times that of’the Earth’s. We tifer
in this chapter to the planets Venus, Jupiter, Saturrt,  Uranus, and Neptune as the
deep atmosphere planets.

The deep atmosphere planets are continuously or nearly  continuously shrouded
by thick cloud layers that obscure all but their upper atmospheres from external
viewing at infmred and optical wavelengths. Remote sensing of these atmospheres
using infrared and optical wavelengths is limited by gaseous absorption and scat-

Amtmpheric Remofe Sensing by Micro~tm’e  Radionte/ty,  Edited b~ Michael  A. Janssen
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tering to pressures less than a few atmospheres. Radio measurements carried out z
from ground-based observatories have provided the first. and with the exception c
of Venus, the only measurements of the deep atmosphere properties of these
planets, In the case of Venus, its deep atmosphere was first sensed remotely using :4:)
radio techniques and later measured directly by in situ atmospheric probes. The
history of the high-temperature atmosphere measurements of Venus by micro-

; -%waves and the subsequent confirmation by spacecraft are well-documented and
discussed later in this chapter.

The general problem of the recove~ of temperature. pressure, and composition
2“

(altitude) profiles in a planetary atmosphere from measurements of its outgoing i . .

radiation has been discussed extensively [1-5]. A principal result of these studies
is the conclusion that solutions are not unique; there are a variety of tempetmure-
pressure-altitude profiles and absorbing gas profiles that will satisfy a finite set of
observed radiances within the experimental errors. The general solution to the
problem, sometimes referred to as the inverse scdu[ion of fhe rudiarive transfer
equarion, will not be discussed in detail in this chapter. Rather. it is our aim to
discuss the current status of the radio observations of the deep atmosphere planets
and to discuss specific inverse solutions that satisfy the observational data and
place constraints on the deep atmosphere models.

Clearly, in situ measurements earned out by entry probes will ultimately be
required to unambiguously determine tempetaure structure and composition.
Nevertheless, microwave remote sensing has important roles to play in the explo-
mtion of the deep atmosphere planets. For those planets not yet explored with
probes, microwave remote sensing provides important engineering and scientific
data for spacecraft engineering and instrument design. For those planets already
explored with probes (only Venus at the present time), remote microwave sensing
is necessary to extend the in situ measurements to the entire planet. Still another
use of microwave remote sensing arises when the atmosphere is variable. Atmo- .
spheric variability cannot be studied conveniently with in situ probes, but can be
monitored using remote techniques.

The physical characteristics of the deep atmosphere planets are given  in Tables
10.1-10.3. The last column in the Table 10.1 gives the ranges of the angular
diameters of the planets as seen from Earth. It can be noted that all of the planets
in the table, with the exception of Venus, have a maximum angular diameter of

TABLE 10.1 fr. ~.>r~  ~~ Wf CLI ~p :[.-/+’ ‘“~ pi,+..~ / ,.. ,<<? ~’ (.’!
Mean Equat. Diameter -.

Distance Mass Radius ‘Density Min.-Max.
Planet (AU) (E = 1) (km) Obliq ( g / c m ’ )  Albedo (arc see)

Venus 0.723 0.815 6,050 5.269 0.77 9.9-62.2
Jupiter 5.203 317.9 71.600 1116.7 1.314 0.45 30.5 -49.8
Saturn 9.523 95.2 60.000 119.3 0.704 0.61 14.7 -20.5
Uranus 19.164 14.6 ~5.9oo 1/100 1.21 0.42 3.4-4.2
Neptune 29.987 ]7.~ 24,750 1138.5 1.66 0.42 9 9-7 4---  -.
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TABLE 10.2 Composition of the Venus Lower Atmosphere I

Constituent Altitude (km) Mixing Ratio Sourcea i

co>
N2
He
Ne
Ar
Kr

; o*
t Soz

0-60
0-60
>130
2.z3
2-z3
2-23

52
42
70
52

96*2
4*2

12 #x
4.3 * 0.7

67.2 * ~.3
0.4 * 0.2
43 * 25
1 6 * 8

0.1
10

70

%

ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm

LNMS
LNMS
BNMS
LGC
LGC
VNMS
LGC
LGC
Ouvs
LNMS

~~ 185 + 43 ppm LGC
22 130 A 35 ppm VGC

H20 o-42 <1oo ppm VGC
52 200 ppm VSP
~~ 60 ppm VSP

I

“LNMS:  Pioneer Venus sounder pmbc mass spectrometer LGC: Pioneer Venus sounder probe gas
chromatography: BNMS:  Pioneer Venus bus mass spectrometer VNMS: Venera 11 and 12 lander mass
spectrometer; VGC: Venera 12 lander gas chromu~ogmph:  OUVS: Pioneer Venus orbitor W spec-
tmmeten and VSP: Vencra 11 and 12 lander specwophotometer.

TABLE 10.3 Composition of the Major Planet Atmospheres

Jupiter Saturn Uranus Neptune

Ht 0.88 & 0.036 0.963 & 0.024 0.85 0.85
He 0.136 A 0.04 0.03450.028 0.18 A 0.07 0.15
CH, 0.002 0.0045 0.02 -0.046
NH1 1.78E - 4 (0.5 - 2.)E -4 Less than solar Less than solar

1 less than 1 arc minute. For Venus, the maximum angular diameter is only slightly
larger than 1 arc minute, and this occurs at closest approach when Venus is in
conjunction with the Sun and difficult to observe. .

10.2 BASIC CONCEPTS

10.2.1 Disk Temperature and Weighting Functions

The power per unit bandwidth delivered to a radio receiver from a planet can be
obtained from Eq. 1.28 for the antenna temperature:

*

TA =-+ H
TP(O, d, v) G(O, r#J. v) sin 6 dO dp (10.1)
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where TP is the frequency-dependent brightness temper~ture of the planet across

its disk and is weighted by the directive gain G over 4r steradians.
The angular diameters of the planets are smaller than the beam~idths of most /

fl
existing single-aperture radio telescopes used to observe them. Consequently, most L/

(single-aperture) tadio-astronomical  observations of the planets are of the total
radiated power emitted in the direction of the Earth by the entire planet in some
spectral interval. When the planet is unresolved by the main beam of the telescope,
the received power. expressed as an antenna temperature, is given by the approx-
imate expression

T
{

= TP(l – e -ln2(D/HPBw)~ ) (10.2) //tc.

where D is the planetary diameter, HPBW is the antenna bcamwidth at half power,
and Tp is the average planetary-disk brightness temperature. When the exponential
term in Eq, 10.2 is close to unity, the expression can be further simplified to give . .

where flp is the solid angle  of the planet, and !2A (= X2/4is  the beam solid angle h
+ I*3

95:: ,-----
of the telescope. Because the planetary solid angle and&e beam solid angle are ~z ‘-

known approximately, a measurement of the antenna temperature can be used to (
5 LA ?.! y>>~  ●

,, (= CIA ~ , .<,, :estimate the disk-average brightness temperature using Eq. 10.2 or Eq. 10.3. This {
average temperature can be defined as the disk temperature: ‘x.-. _ ..

(10.4)

where flP is not intrinsically well-defined because the atmosphere does” not have a
sharp edge. However, by convention, it is usually taken as that of an ellipsoid with
polar and equatorial semidiameters  given by the American Ephemeris and Nautical
Almanac and adjusted for the tilt of its polar axis as viewed from the Earth, and
the integral over Tb is not constrained by,this  othetwise  arbitra~ assumption.

The central problem of remote sensing is to convert the measured values of the
antenna temperature as a function of wavelength into estima[es  of atmospheric
parameters with the smallest possible errors. The equation of radiative tmnsfer
gives the mathematical description that relates the brightness temperature to the -.

atmospheric composition and temperature along the line of site. Neglecting scat-
tering and variations in the index of refraction, the radiative transfer equation. Eq.
1. 13~n be written as / c [a

*

!
m

[ !
m

Th(p, v) = T(z)cY(v, z) exp -
0 1CY(V.  Z )  dz/p dz/p (10.5)

I
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where p = cos f?, and O is the angle between the local vertical and the direction of 1
the emission. Equation 10.5 can be rewritten as \

!

m
T~(f.1, v) = ~ 7’(Z)  W(V. v, :) d:/P (10.6)

where W, defined as
—— 1

[~

m

W(Z* p, v) = CX(V, z) exp – J/5X(V, :) dz/p p (10.7)
:

can be thought of as a weighting function for the model. Figure 10.1 shows a
weighting function at 2 cm (long dash) and 6 cm (dot) superimposed on a model
atmosphem of Saturn. The 2-cm weighting function is seen to be sharply peaked
near 1-bar pressure. The 6-cm weighting function peaks near 2 bars and is consid-
erably  wider than the weighting function at 2 cm.

In practice, Eq. 10,5 (or Eq. 10.6) is evaluated by assuming that the atmosphere
of a planet can be approximated by many thin, horizontal layers. The layer thick-

Mixlng  Ratio

10 -11 10-9 10-7 10- 5 104
~ 0.1 .
I —  Tempamtum

. . ..- Nli$ Mlxlng Ratio
- .2 cm Welghtlng  Fn -

1

. . . ...6 cm Wsdghtlng  Fn
f

;ZJ
la;~ >
1$ 1 : ----- ---

““’ . . . . ..Oienus~g ~e-”*- ------ --
F “.

In ..

~ : ..”””””:.*”
.“.

. .“,
10E!

100 150 200 250 300

I Temperature (K)
Figure 10.1. Normalized weighting functions at 2 cm (long dash) and 6 cm (dot) are shown super-

imposed on a vertical model atmosphere of Saturn represented by the solid line. The ammonia mixing
rmio is represented by the dot-dash curve and small circles. The figure is la~en from Grossman e[ a[.
[41].
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ness is assumed to be sufficiently thin such that the temperature, pressure,
composition are essentially constant in each layer, and have an opacity much
than unity.  As a consequence, each layer can be characterized at a specified

and
less
fre-

quency with a single te-mperature  and ‘opacity. This approximation is sometimes
called the “thin-layer approximation.*’ Equation 10.6, written as a discrete sum,
expresses the mathematical representation of the thin-layer approximation: /

r /
● {7 :-

&

TB(p,  v) = ~ T(z)  W(z,  p, v) A: -t- T(qJe-fi@) (10.8)
m

In this expression, the summation runs from the surface (in the case of Venus) or
from a depth where the atmospheric opacity is very large (>> 1) up to a sufficiently
high ]evel (~1) that the atmospheric layers  no longer contribute significantly to the
summation. This level vanes with frequency and emission angle. The last term in
Eq. 10.8 accounts for emission either from a surface or from levels deeper than
b, attenuated by the overlying atmosphere. The coefficient of the exponential term
is the total opacity of the atmosphere from ~ to ZI defined as follows:

!

:1
T (~) = CY(v, z) dz/p (10.9)

xl

The value of microwave remote sensing is greatly enhanced if the brightness
distribution across the disk can be measured. High-quality radio images have al-
ready been obtained for Venus, Jupiter, and Saturn using the technique of radio
interferometry,  Somewhat lower resolution but useful images of Uranus and Nep-
tune have also been obtained. Such measurements allow one to measure spatial
variations of composition and temperature, and to study the variations of bright-
ness with emission angle, especially near the limb of the planet. The rapidly chang-
ing path length through the atmosphere near the limb provides a sensitive technique
for studying the temperature and compositional structure. The brightness drops off
sharply near the limb for an atmosphere whose temperature decreases with increas-
ing altitude. This so-called limb darkening has been widely used to study the atmo-
spheres of Venus and the giant planets [6].

If the measurements have insufficient resolution to determine the distribution
across the planetary disk. then the mean-disk brightness temperature can be cal-
culated from Eq. 10.4 and compared directly with the observations. Alternatively,
the following equation

!

I
T(u) = 2 ~ T~(u, /L) dp (10.10)

is sometimes used if it can be assumed that the planet is spherical and has a brigh-
tness temperature (at a specified frequency) that depends solely on the emission
angle. In reality. neither of these assumptions is strictly valid.
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1

10.2.2 Model Atmospheres

The’solution to Ecj.A5  requires a knowledge of ( 1 ) the atmospheric temperature as //0 *
a function of depth. (2) the absorption cocfiicicnt  of the atmosphere as a function
of frequency and depth, and (3) the emission wtgle  O (p = cos 6) at every point
in the atmosphere. Of these three parameters. the emission angle  is the easiest to
estimate. By neglecting winds. the normal to each layer in the model is assumed
to coalign itse!f with the direction of the acceleration of gravity at every point.
Because the planets are axially symmetric but not perfect spheres, the direction of
the acceleration of gravity varies with latitude, thereby causing the quantity P to
vary in a complicated, but predictable. fashion. The variation in the acceleration
of gravity with latitude due to the oblateness  of a planet is given to first order by
Hubbard and Marley [7], DePater and Massic [8] discuss the calculation of p for
an oblate  spheroid. As an example. they show that the theoretical brightness tem-
perature of Saturn at a wavelength of 20 cm is 14% larger for an oblate spheroid
model than for a spherical model. assuming the same atmospheric composition.
At 6,0 cm and 1.0 cm. the percentage increases arc 7 % and 3%, respectively.

The general procedure used to solve Eq. 10.8 is to ascribe a composition, pres-
sure, and temperature to each layer in the model. Once defined, an absorption
coefficient is calculated for each layer. and the brightness temperature is calculated
by performing the summation over eoch layer and over the appropriate range of
emission angles. The calculated brightness temperatures are then compared di-
rectly with the observed brightness ternpemtures.  It is usually possible to bring the
calculated values in[o agreement with the observed values by varying the model
parameters in each layer.

Each layer in the model atmosphere is assumed to be homogeneous and in hy-
drostatic equilibrium. The lower troposphere is assumed to be in convective equi-

, libnum, whereas the upper-atmosphere thermal distribution is determined from (a)
theoretical considerations of the thermal structure, (b) in situ and spacecraft oc-
cultation data. or (c) remote-sounding lR and optical data.

In the convective region  beneath the clouds. the dry-tempemture  lapse rate
dT/dz  is determined by the local gravity g and the specific heat CP of the atmo-
sphere through the relation

dT_  ~ _~ /“
dz CP

.
(10.11) //

Both g and CP may vary in geneml. The average dry adiabatic lapse rates relevant
for the midlatitudes  of Venus, Jupiter. Saturn, Uranus, and Neptune are. respec-
tively, 10.1, 1.91.0.8,0.7. and 0.85 K km-’. Despite its lower gravity. the lapse
rate for Venus is considerably larger (absolute value) than those of the other deep
atmosphere planets. The larger lapse rate is due primarily to the low specific hear
of CO:. the primary atmospheric constituent of Venus, For the other deep atmo-
sphere planets, Ht is the primary atmospheric constituent and its specific heat is
approximately 15 times larger than that of COZ.

-.
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In the region of cloud formation. the latent  heat of condensation changes the
local lapse rate from a dry adiabat to a wet adiabat.  The wet adiabatic lapse rates
fof Jupiter. Saturn, Uranus, and Neptune have been discussed by Weidenschilling
and Lewis [9] and Atreya and Romani [ 101.

10 .3  VENIJS

The planet Venus has an atmosphere that is two orders of magnitude more dense
at its surface than that of the Eanh. Illustrated in Figure 10.2, this massive atmo-
sphere has a broken cloud layer at a relatively high altitude (O. 1-1 bar) that is
impervious at optical and infrared frequencies, and is therefore a prime candidate
for microwave remote sensing. Indeed, the first evidence for the existence of this
atmosphere was obtained in 1958 when the microwave emission from Venus was

I

t

31 VENERM 4 -12
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PRESSURE, ohm
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1 Figure 10.2. The atmosphem  of Venus. A solid deck of H2S04 clouds extends from 50-70-km
; altitude and prevents the observation of the lower atmosphere at infrared and optical wavelengths. The
, pressure, temperature. and composition of the lower atmosphere have been determined from spacecmft

mdio  Occulluiions and from several descent probes.
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1
measured for the first time [1 1], giving the tmcxpectedly  high disk brightness tem-

perature of 600 K at a wavelength near 3 cm. This discovery and its implications ~~
brought the attention of the rapidly developing science of radio astronomy to the
problem, and by 19&l, a disk temperature spectrum was established through most
of the microwave region. A recent version of this spectrum is given in Figure 10.3

[12]. The spectrum is chamctenzed by a gradual increase in disk brightness tem-
perature from about 300 K at millimeter waveleng~hs  to a maximum near 700 K .
in the centimeter region, followed by decreasing temperatures at longer  wave-
lengths.

Barrett offered an early interpretation of the spectntm  as thermal emission from
a deep. near-adiabatic atmosphere with a source of absorption flwbieh increases // J T~~
with frequency [13]. This interpretation is now well substantiated by abundant
microwave. radar, and spacecraft measurements. In particular, the mean pressure
and tempemture  profiles are now established from several descent probes launched

i from spacecraft [14]. The bulk composition has also been determined in situ by—.-
descent probes, as shown in Table  10.2 [15], although there is still considerable
uncertainty in the concentration and venical  distribution of several of the minor
constituents. The bulk constituent CO: is known to be a major contributor to the
microwave opacity. This ~onpolar  gas possesses a nonresonant pressure-induced
absorption with a frequency-squared pressure dependence that extends into &e
submillimeter  region (see the discussion in Section 2.5 of Chapter 2). The absorp-
tion due to this source was measured in the laboratory by Ho. Kaufman. and Thad-
deus [16] for a range of pressures and temperatures relevant to the Venus atmo-
sphere, and gave a basis for subsequent analysis of the Venus microwave emission.

Additional opacity is expected from SOZ, HZO, sulfuric acid clouds. and pos-

m -

600 -

500 -
(%)

4 0 0 -

1’

“ -/
Venus Microwove Spectrum

1

I Wovelength, cm.

Figure 10.3. Microwave disk temperature specmum  of Venus. The cuwe was computed for a best-
fil model ot’ \he aimosphenc  absoqxion.  The figure is taken from Muhleman et al. 112].
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sibly from other trace constituents such as H$OJ  vapor, which is anticipated to
be present but that has not been specifically detected [17-19]. The high pressures
of the lower atmosphere tend to broaden the absorption by all moIeculcs into a
nonresonant spectrum similar to that of C02, as i]lustrdted by the spectrum of S02

versus pressure in Figure 10.4. HZO [20] and possibly HzSOi [21] retain distinct
spectral features in the roughly 1- 10-bar region just beneath the clouds, however.

The major success of the radioastmnomical  investigation of Venus was the de-
tection of the existence of the hot, lower  atmosphere. Once the various possibilities
for the nonthermal ongin of the high disk temperatures were discounted on the
basis of other evidence, this result followed directly from the comparison of the
disk temperatures with the cloud top pressure and 240 K temperature from infrared
observations. Subsequent attempts to interptet  the disk temperawm  spectrum in
terms  of the details of atmospheric composition and structure were largely fruit-
less, however. The difficulty arises because it is possible to construct a variety of
atmospheric models that produce the same overall disk temperature spectrum when
both the source of the absorption and the pressure-temperature structure are un-
known. as is apparent from the radiative transfer equation. Boundary conditions
on the composition, pressure and temperature in the vicinity of the cloud tops were
used to narrow down the choices [16. 22]. Unfomtnately,  the interpretation of the
infrared data to give these boundaty  conditions was also ambiguous because of the
difficulty of treating the cloud scattering problem, and the then prevalent interpre-

1 t 02
i I I I I I I I I 1 I I II

,o-s~
)0’ 102

FREQUENCY, Gtlz

Figure 10.4. Pressure-broadened spectrum of SO: aI pressures and tempemlures  representative of
the Venus mmosphere.

A / -’>],j:~~l



I

I
—t1“ I

I 10.3 VENUS 5 4 5

tation of the COZ infrared lines as formed in a highly  multiply-scattering atmo-1 sphere with a low COC mixing ratio led to deep atmosphere models that tended to
, be ~vell wide of the mark.

The Manner V and Venera 4 spacecraft reached Venus on consecutive days in
1 October 1967. The results from these historic missions relieved the microwave
i data from the burden of having to determine too much about the atmosphere. These

and subsequent spacecraft missions have provided a different focus for the retrieval ‘
: problem: with the physical structure of the atmosphere and the concentration of a

major source of the opacity now known, the microwave disk temperature spectrum
! can be unambiguously computed with the assumption that there is no additional

source of opacity: consequently, the magnitude of the additional absorption that
might be present can be determined by comparison of this spectrum with the ob-
servational data. This approach was used following the 1967 spacecraft missionsI
to call into question the Venera  4 detection of significant amounts of water vapor

~ (0.5-2.5%) [~, and has been used more recently to bound the rather loose limits ~ 2.0
\ on the microwave-absorbing gas SOS detected by the Pioneer Venus probes [#fl. /2 I

The general procedure that has been used to infer atmospheric properties from.:
the microwave data has been to fit the parameters of a detailed atmospheric model

: by direct comparison of computed obser-wbles with the data. The required com-
~ mutational model is more complicated for Venus than for the giant planets because

~ (1) surface emission and downward-propagating atmospheric emission that is re-
flected from the surface must be considered, (2) refraction is significant at the high
densities of the lower atmosphere. and (3) the atmosphere is not thin with respect
to the planetary radius. These details are particularly important when interfero-
metnc data that depend on limb darkening are interpreted.

The observational data to which such a model has been applied include disk
temperature measurements, interferometnc  data containing information on limb
darkening. cloud-region absorption measured during spacecraft radio occultations. /

and radar reflectivity data. A simultaneous least-squares fit of all such data to a
single  model was earned out by Muhleman  et al. [12]. The data are shown in
Figures 10.5 through 10.7 and include the respective spectra computed for the
best-fitting model. The principal atmospheric unknown that was determined in the
fitting procedure was a constant factor G, which multiplies the COZ absorption
coefficient at all altitudes. Surl”ace quantities wet-e also determined such as th~
dielccmic  constant. radar directivity,  and the mean surface level.

The measured first zero crossing of the visibility function ~1 in Figure 10.5
shows a significant variation as the wavelength vanes through the range where the
total atmospheric opacity changes from <<1 to >>1. The quantity ~1 is the ratio
of the disk radius to the interferometer fringe spacing at which the interferometer
signal  disappears. If the disk is uniformly bright. then it can be shown that 131 is
the first zero of the Bessel function JI (2m~),  or 61 = ().6] (). Limb darkening on
the disk will increase this value. The fringe spacing at which the interferometrk
signal disappears is a null measurement, making it possible to measure ~1 with
high accuracy. The moderate limb darkening seen in the figure at long wavelengths
is expected due to emission from a dielectric surface at a unifom~ temperature.

I
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Figure 10.5. Wavelength dependence of the apparent size of the Venus disk m determined using
imerferometnc techniques. A uniformly bright disk would show ~, = 0.610. whereas the measured
values indicate a limb-darkened disk wilh a wavelength dependence consistent with the model of Figure
10.$ /2

whereas the stronger limb darkening at short wavelengths is causet by emission
from an atmosphere with a negative-temperature lapse rate. The tendency to limb
brightening seen at intermediate wavelengths is because the surface. seen toward
the center of the disk, has a lower emissivity than the atmosphere that  dominates
toward the limbs (this also explains. in part, the decrease in disk temperature seen
at longer wavelengths in Figure 10.3).

The data in Figure 10.5 represent measurements of circularly poktnzed radia-
tion. If thermal emission from a dielectric sphere is observed in linear polarization,

,

Figure 10.6. The polarization dependence of
the apparent size of the Venus disk, showing
that the atnmsphert  is optically thick at wm~e-
Iengths  shon of  2-3 cm.
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Figure 10.7. S~ctmmfmm  =nh-based  measummcnts  of themdar  reflectivity of Venus.

however, then the apparent brightness is strongly asymmetric because of the de-
pendence of emissivity  on both incidence angle and polarization. Hence. the result
depends strongly on the orientation of the received polarization with respect to the
interferometer fringes when (31 is measured. Figure 10.6 shows the measured dif-

,

‘.

ference between z&o crossings when the polarization is perpendicular and parallel
respectively to the fringe pattern, and clearly demonstrates the transition from at-
mospheric to surface emission as the wavelength increases. Finally, the wave-
length dependence of the signal  from Earth-based radar transmitters reflected from
Venus also shows a sharp decrease as the atmospheric opacity becomes significant
(Figure 10.7).

The best-fitting value for the absorption coefficient multiplier G was 1.83 +
0.22, and the principal conclusion was that a source of opacity is present in the
atmosphere !n addition to that provided by COZ. The source of this additional
opacity is not known. although the highly absorbing constituents, SOZ and H~O,
as well as the sulfuric acid clouds are capable of providing more than enough
opacity to explain this excess. Muhleman  et al. [12] note that the determination is
insensitive to the venical  distribution of the opacity, and that only the total opacity
of the atmosphere is well-constrained. Information on the venical  distribution of
opacity is contained in the disk temperature spectrum in the 1-3-cm wavelength
tange,  but the apparent 20% scatter of supposedly well-calibrated measurements
in this region has made the task of interpretation difficult. Also, the frequency
dependence of the absorption may deviate in an unknown way from a square law.
panicularly  at the upper altitudes. Janssen  and Klein [23] have attempted to obtain
a careful absolute disk temperature determination from observations made near
l-cm wavelength in order to set a tighter limit on the excess opacity in the region
of the atmosphere above about 30 bars. They find a value for G that is somewhat
less than that of Muhleman et al., which implies that the excess opacity is con-
centrated toward the surface. This contradicts the spacecraft results, however, that
indicate that the concentmtions  of potential comributors  are larger at higher alti-
tudes.  The issue remains unresolved.
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1094.1 I n t r o d u c t i o n

The atmospheres of the giant pfarrefs constitute a significant fraction of their total
mass, in contrast with the atmospheres of other planets in the solar system. The
mean density and sizes of Jupiter and Saturn imply that these two planets are
composed primarily of hydrogen and helium with only trace amounts of heavier
elements. Uranus and Neptune are believed to contain a slightly higher percentage
of heavier elements. It is believed that the giant-planet atmospheres we composed
primarily of the primordial material from which the solar system was formed. a
point noted by Wildt as early as 1934 [24, 25], This situation is in contrast to the
atmospheres of the terrestrial planets, which have undergone extensive evolution
in the 4.5 billion years since plrineta~  formation. Table  10.3 i?ives  estimates of
the atmospheric composition of the giant planets based on observational data.

As in the case of Venus, the giant planets all contain complex cloud structures
that limit the remote-sensing possibilities in the infrared and optical. Microwave
remote sensing has provided the first quantitative measures of the atmospheres in
and beneath the clouds. Figures 10.8 through 10.11, taken from dePater [26] and

, dePater  and Massie  [8], show the observed disk microwave spectra for Jupiter,
Saturn, Uranus. and Neptune. (A component of synchrotrons radiation has been
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Figure 10.8. The spectrum of Jupiter with superimposed model calculolions.  The dashed  cuwe is
~~r.p $’.

for a solar-composition model atmosphere, The solid curve is based on an ammonia abundance m
fol lows: 3 x 1 0-S a! P < 1 bar. 2.5  X 10 -4 at P > 2 bars. subsatumted  at P 0.6 bar. The figure isA’ [2/~
taken from dePaler  [26].
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; Figure 10.9. The spectrum of Saturn with superimposed model calculations. The figure is taken
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Figure 10.11. The spectrum of Nepmnc  with superimposed model calculations. The figure is taken
from dePatcr  and Massie  [8].

subtracted from the total  observed emission from Jupiter at wavelengths 21.5  cm,
leaving the thermal emission from the atrnosphere~13erge  and Gukis  [27] discuss
the various techniques that allow this separation to be performed. The data for
Saturn are corrected for the contribution of Saturn’s t-ings  according to the model
by Klein et al. [28]. The data for Uranus and Neptune have not been altered.)

The disk temperature spectra for these four planets are quite similar. although
the data for Uranus and Neptune show considerably more scatter than those for
Jupiter and Saturn. (The scat:er  is partly due to the lower signal-to-noise ratio of
the measurements. and for Uranus to an intrinsic variability.) The principal fea-
tures of the spectra are (1) a rise in the disk brightness temperatures at wavelengths
greater than a few centimeters (eventfially  reaching temperatures in excess of 300
K at the longest wavelengths for Jupiter and Saturn) and (2) disk brightness tem-
peratures of - 140 K that occur near 1.5 cm. The spectra for Jupiter and Saturn
show slightly warmer temperatures at millimeter wavelengths, whereas Uranus and
Neptune temperatures are colder. The increasing temperature with increasing
wavelength suggests that the longer  wavelength radio emission originates from
levels in the atmosphere below the clouds, which are warmer and denser.

In situ probes have not yet penetrated the atmospheres of the giant planets,
making it necessary to calculate the thermal profile according to theoretical models.

7---

By neglecting the polential effects
perature profiles can be calculated

of dyna-mics on the cloud structure, the tem-
using either dry or wet adiabatic lapse rates.
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a constituent is less than or greater
than its saturated vapor pressure. It is necessary to use the wet isdiabatic  lapse rate
[29] where the partial pressure of a constituent exceeds its vapor saturation pres-
sure. On Jupiter, for example, clouds containing ammonia ice, ammonium hydro-
stdftde crystals, and water ice are expected to form. In addition to these. aqueous
ammonia (NH3 and HZO mixture) is likely to form on Saturn. Uranus, and Nep-
tune. Clouds of methane ice are also likely on Uranus and Neptune. Weidenschill-
ing and Lewis [9] and Atreya and  Romani [10] have discussed the cloud structures
on the giant planets. Figure 10.12 shows theoretical cloud masses and calculated
lapse rates for clouds on Jupiter. Similar calculations have been carried out for
Saturn, Uranus, and Neptune as well.

Theoretical temperature-pressure profiles have thus far formed the primary ba-
sis for interpreting the microwave data, leaving the opacity profile as a free panam-
eter to be matched by solving Eq. 10.5 and compann~  the result with the obser-
vational data. The combined absorption due to the gases and the scattering that
takes place within the clouds determines the outgoing radiance of these planets.
The polanzable  gases, ammonia and water vapor. and collision-induced absorption
by hydrogen and helium are believed to be the most important sources of opacity
in the giant planet atmospheres. Absorption due to gaseous ammonia. even though
present as a minor constituent. dominates the long-wavelength spectra of the giant
planets because of its large microwave opacity. Collision-induced absorption of
hydrogen and helium dominates the short-wavelength spectra of Uranus and Nep-
tune. Many other gases, either known or suspected to be present in the atmo-
spheres, have strong rotational absorption lines (e.g.. HZS. PH3, CO, and HCN)
that might influence the millimeter and submillimeter  spectra, but their contrib-
ution to the opacity is uncertain at this time. Scattering by cloud particles such as
ammonia crystals or water droplets may also influence the spectra, especially at
shon wavelengths.
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figure is taken from Atreya [29].
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Because of its dominant role in the interpretation of the giant-planet spectra,
the absorptivity of gaseous ammonia under the conditions found in these atmo-
spheres has received considerable attention over the last two decades [7. 30]. Cur-
rently, there is no agreed-upon single model of the absorption coefficient that fits

I

the laboratory data over the full range of conditions found in the giant-planet atmo-
spheres. Recent laboratory data taken by Spilkcr [30] suggest that the derived mix-
ing ratios of ammonia in the giant-planet atmospheres may need to be increased
by a few percent to as much as 50% as a result of inaccuracies in our current model
of the absorption coefhcient.  The problem is complicated by the large pressure
range over which the absorption takes place. and by the foreign-gas collisional
broadening of hydrogen and helium that dominates the pressure broadening. The
microwave spectrum of pure ammonia arises from a class of transitions known as
“inversion” transitions, as discussed in Chapter 2. In the ammonia molecule,
these are produced by the periodic transversal (inversions) of the nitrogen atom
through the plane formed by the three hydrogen atoms, The inversion frequencies
range from approximately 16 to 40 GHz with the strongest absorption occurring
near 24 GHz. At low pressures ( < -1.6 atm in Jupiter’s atmosphere), the spec-
trum consists of a series of individual lines with line shapes well represented by
the Van Vleck-Weisskopf  line-shape factor. At higher pressures. the individual
lines are pressure broadened so that individual lines overlap, thereby forming a
broad continuous absorption feature centered near 24 GHz.

Townes  and Schawlow [31] have given a good discussion of the classical theory
of absorption of ammonia. Ben-Reuven  [32] presented a quantum-mechanical for-
mulation of the problem that greatly improved the agreement between experiment
and theory. especially at high pressures. Guikis  and Poynter [33] (details reported
in Berge and Gulkis  [27]) compared the Ben-Reuven theoretical absorption coef-
ficients with the laboratory absorption coefficient data of Morris and Parsons [34],
and derived an empirical correction factor. The ammonia absorption coefficient
used by Gulkis and Poynter [33] has been the most widely used absorption coef-
ficient despite its shortcomings. Spilker  [30] shows that errors exist in the temper-
ature, pressure, and frequency dependencies, and that the dependence of line
widths on pressure are not linear as generally assumed. Much work needs to be
done to understand the absorption coefficient of ammonia. The absorption coeffi-
cient derived by Gulkis  and Poynter [33] is given by

where C = 1.0075 + (0.0308 + 0.0552  P~1/T)  PH2/T  is an empirical correction
factor derived from fitting the theoretical absorption coefficient to the data of Mor-
ns and Parsons [34]. The factor A (J, K) gives the line strength for the (J. K)
transition and F(J,  K, y, 6, ~, v) is the Ben-Reuven frequency-dependent line-
shape factor derived in Chapter 2 (EquationA65):

(2J + l)K2 v~(J,  K) PNH,
/l(J, K) =’ (1.23 X 10~)

J(J + 1) y T7/2
X CXp - {[2.98J(J  + 1) - 1.09K’] 4.8/T} (10.13)
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,

and

The center fre~uency  for the (J, K) transition VO(J, K) is taken  from the tabulation
of measured frequencies given in Poynter and Kalutr [35]. The pressure-broadened

I

1

!

I

line widths are given by

( )

300 2/3

( )

/23

T(J, K) = 2.318 ~ P~, + 0.79 y P~e

( )
+ 0.75 y ‘7YO(J, ~)~NH~  GHz (10.15)

The coupling element and pressure-shift terms in the Ben-Reuven line-shape factor
are given by ~ and d, respectively.

~ (J, K) = 1.92P~,
(Y)’3+04’(Y)pNH~o(JK)

()
/23

+  0 . 3  + P“e GHz

6 = –0.45PNH,  GHz

In these expressions, P., is the partial pressure of
atmospheres, T is the temperature of the mixture, ,

(10.16)

(10.17)

the species X(NH3, He, Hz) in
S(K) = 3 for K a multiple of 3

and S(K) = 1.5 otherwise, and TO(J,  K) are the self-broadened line widths in
MHzhorr  as given by Poynter and Kakar [35]. In addition to the absorption due
to the inversion transitions. the ground-state rotational transition of ammonia that
occurs at a frequency of 572.5 GHz also contributes to the absorption especially
in the submillimeter  and millimeter spectral regions.

●

The water molecule has a somewhat smaller dipole moment than the ammonia
molecule, and it produces considerably less absorption. Although present in nearly
the same abundance as ammonia deep in the atmosphere. it is depleted in the upper
atmosphere because it freezes out at a higher temperatum. At a wavelength of 2.5
cm and a pressure of 8.55 atm. Berge and Gulkis estimated that the absorption
coefficient is appi-oximatel  y 100 times smaller than that of ammonia. The water-
absorption coefficient is composed oft wo terms [36]: an electric dipole resonance !/, -
centered near 22.2 GHz. and a strong resonance in the infrared. The skirt of tic

. . . . . .
.,’ .. $-‘.

infrared line dominates the water absorption at high pressures. r

Hydrogen, helium, and methane have no permanent dipole moment;’however~ ‘/ /
they have a small absorption coefficient due to a collision-induced dipo~e moment “ )

that vanes as the frequency squared. The absorption due to methane is negligible.
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The absorption due to hydrogen and helium is significant at rnillimcter  wave-
lengths, especially in the atmospheres of Uranus and Neptune. This is duc to their
large  abundances above the ammonia clouds.

10.4.2 Jupiter and Saturn

Early work aimed at understanding the bnghtness-temperatum  spectra of Jtspitcr
and Saturn [33, 37-39] focused on simple hydrogen-helium model  atmospheres
containing ammonia as a trace constituent and the only source of microwave opac-
ity. These models were motivated by the observation that the disk brightness tem-
peratures of Jupiter and Saturn near l-cm wavelength are approximately 140 K.
close to the temperature where ammonia freezes and clouds form in the atmo-
spheres of Jupiter and Saturn. Gulkis  and Poynter [33] investigated the sensitivity
of the brightness temperature to ammonia abundance by assuming it wide range of
mixing ratios for ammonia for a different number mixing ratio of He to Hz ranging
from O to 0.2 (Figure 10. 13). Their simple model predicted a brightness-temper-
ature spectrum that is nearly constant for short centimeter wavelengths, but in-
creases rapidly for longer wavelengths in agreement with the observations. They
found good agreement between the observed data and the theoretical spectra with
an ammonia mixing ratio of = 1.5 X 10-4. Based on solar cosmic abundance
ratio data compiled by Cameron [40] and others, the expected ammonia abundance
is 1.5 X 1 0-4. These early results gave support to the idea that both Jupiter and
Saturn have compositions similar to the primitive solar nebula, and established
ammonia gas as the principal source of microwave opacity.

Recently, dePater and Massie  [8, 26] investigated the radio-emission spectrum
from Jupiter, Saturn, Uranus, and Neptune. For Jupiter. they assume a “solar
composition” atmospheric model composed of 89% Hz and 11 % He for the pr-
imary constituents, and CH4/HZ = 8.35 x 1 0- 4, ‘HZO/HZ = 1.38.0  X 10-3.
NHa/H,  = 1.7 x 10-d, and HIS/Ht = 3.76 x 10-s for the minor constituents.
A ~-pic~l  temperature-pressure profile-is shown in Figure 10.14. The dashed curve

1
‘7”~ “,

I — HeM>s  O

\z
- - -  Ho/l+t  * 02

~aoo - Parameter shown on curves
~ Is ammonia mlxlng  ratio 3zlo~

E
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Figure 10.13. Theoretical bnghtness-tempem[um  spectra for Saturn showing Ihe sensitivity 10 the
ammonia mixing rmio and the hciium  to hydrogen mixing ratio. The figure is taken from Gulkis and
Poymer ]33].
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and  Massie  [8] in their

in Figure 10.8 shows the results of a model calctslation  for the “solar-composi-
tion” model. The overall agreement between the simple model and the observa-
tions is quite good; however, systematic differences are clearly noticeable. The
model is too cold at millimeter wavelengths and somewhat too warm at centimeter
wavelengths. The solid curve is for a model atmosphere in which ammonia is
depleted b~ a factor of -5 at P < 1 bar and is enhanced by a factor of 1.5 at P
> 2 bars. Ammonia gas is allowed to be subsaturated at P s 0.6 bars to provide
a better fit to the data in the vicinity of the strong ammonia inversion lines near
1.3 cm. It is not known at this time if the systematic differences are due to our
inadequate knowledge of the absorption coefficient of ammonia. horizontal and
vertical variations in the distribution of ammonia, additional absorbers, or some
other mechanism.

High-resolution radio images of Jupiter and Saturn have been obtained at wave-
lengths of 2 cm and 6 cm with the VLA [26, 41]. The radio images show a con-
siderable amount of structure across the disks as well as limb darkening. A 2-cm
contour brightness image of Jupiter is shown in Figure 10.15. Bright (higher-tem-
peratute)  horizontal (constant-latitude) bands appear on both planets, suggesting a
variation in the ammonia abundance with latitude. On Jupiter, the bright bands
correspond with the brown belts seen at visible and IR wavelengths [26]. DePater
interprets the brighter regions as regions in which the ammonia abundance is de-
pleted relative to the surrounding regions. Grossman et al. [41] report that their
images of Saturn at 2 cm and 6 cm show an increase in brightness temperature of
about 3 K from equator to pole at both wavelengths. Their 6-cm map shows a

-.
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Figure 10.15. A contour plot of the brightness temperature of Jupiter it( a wavelength of 2 cm.

Contour values in Kelvin are 1.8.5.9. 18.44, 71.98. 124. 151, 160. 168. and 174. The figure is
taken from dePater  [26].

bright band at nofihem midlatitudes.  Model studies earned out by Grossman et al.
imply a 25% relative decrease of NH3 in northern midlatitudes.  with a global

1 mixing ratio of NH3 equal to 1.2 x 10-d in the region below the NH3 clouds to a
, level of a few bars.

10.4.3 Uranus and Neptune

Although Uranus and Neptune are similar to Jupiter and Saturn in many respects,
they also show important differences. Their atmospheres are significantly colder
than those of Jupiter and Saturn. One result of this is that the condensation thresh-
old for methane lies within the atmosphere. making it possible for a methane cloud
to form near the 70 K level. Jupiter and Saturn are too warm for a methane cloud
to form. Because of the cold atmosphere, the condensation threshold pressure for
ammonia clouds is considerably greater for Uranus and Neptune than it is for
Jupiter and Saturn. The pressure at which condensation begins ranges from about
1 atmosphere at Jupiter to about 10 atmospheres at Neptune. A consequence of
this is that there is considerably more hydrogen and helium above the ammonia
cloud layers of Uranus and Neptune than there is on Jupiter and Saturn. At nlilli-
meter wavelengths, the dominant source of opacity is tk pressure-induced dipole

! moment of hydrogen. This opacity source plays only a minor role on Jupiter and

Saturn.
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Unresolved disk brightness-temperature measurements of LJranus  and Neptune

have revealed the somewhat surprising result that these planets /c too witm~  to be / d Vc
matched by a simple solar-composition model atmosphere [7, 42. 43). Both planets

show the characteristic increase in brightness temperature with increasing wave-

length owever.  the rate of increase of the temperature with wavelength is much ●P /greater at centimeter wavelengths than is predicted by radiative ttansfer  calcula-  ~
tions  assuming an atmosphere model similar to those that explain the observations
of Jupiter and Saturn, Ammonia needs to be depleted by two orders of magnitude
or more relative to the solar abundance in order to explain the observations. Gulkis
et al. [43] suggested that the depletion might be the result of the formation of a
cloud of NHaSH. This requires that the atmosphere have a ratio of S to N that is
enhanced relative to the solar abundance value. The depiction of ammonia and the
possible explanation in terms of the composition of the planet arc of fundamental
importance. DePater [26] has discussed a“ number of model atmospheres that con-
tain enhanced concentrations of HZS and HZO. These species may remove NH3
from the atmosphere and may also be additional sources of opacit  y. The specific
absorbers in the atmosphere are hard to identify by their pressure-broadened spec-
tm.

Another unusual property of the radio emission from Uranus. not yet obsemed
on the other three giant planets, is that the radio emission is variable. Klein and
Turegano  [44] first discovered this variability in the 2- to 3.6-cm data. Subsequent
measurements have shown that this variability extends to longer wavelengths as
well. Most recently, Hofstadter  [42] has made high-resolution images of Uranus
with the VLA at 2 and 6 cm. He finds strong horizontal and vertical gradients in
the atmospheric propenies.  Polar regions are much brighter than lower latitudes.
and the deep troposphere appears less bright than would bc expected based on the
upper troposphere. Hofstadter proposes that the observed brightness temperatures
are due to the general circulation and chemical processes in the atmosphere. He /

6proposes that the Southern Hemisphere of Uranus is dominated by a single me~ )

-60 -60 -lo - 2 0 0

Latitude (degrees)

Figure 10.16. A schematic diagram of  the
gross  s!ructure  of the atmosphem  of Um&Is.  w
inferred t’rom the radio dam. The tigure is taken
from Hofstadter  [42].  The arrow indicate the
circulation ptittem that  might  expluin  the distri-
bution of absorbers. shown by the density of
dots.
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idional circulation cell. with an upwelling cen(crcd  near -25° Iatitttdc  that b r i n g s
absorbers up from the 50-bar level to the O. 1 -bar level. A schematic of his model
is shown in Figure 10.16. While this model has yet to be confirmed. it nevertheless
serves to illustrate how remote sensing at mdio wavelengths provides important
constraints and ideas on the most fundamental propenies of the planets.

10.5 C O N C L U S I O N

Microwave remote sensing of the deep atmosphere planets has allowed these planets
to be probed beneath the clouds. into regions not yet sensed by remote probes or
other remote-sounding techniques. The results to date have provided some answers
about the hormonta]  and vertical profiles of temperature and composition. and they
have raised a number of questions about the most fundamental propenies  of the
planets. What was the composition of the original solar nebula? How did it vary
with distance from the sun? What are the dominant circulation patterns on the
planets and how deep do they extend?

Despite the progress that has been made to date, the field must still be consid-
ered to be very young. especially on the experimental side. Future  progress in the
field is expected to center around (1) improved laboratory measurements and the-
oretical understanding of the absorption properties of gases under high pressures
and with foreign-gas broadening. and (2) additional observations with improved
signal-to-noise ratios. better angular resolution, and over longer time intervals.
Some of these data will undoubtedly require the use of orbiting spacecraft. From
these data. it may be possible to infer additional atmospheric absorbers, and to get
a much better understanding of atmospheric circulation, dynamics. and chemistty.
Working with the data gathered by remote-sensing experiments at other wave-
lengths and with orbital and in situ instruments, it if eXFeCtt?d  that many additional
properties of the deep atmosphere planets will be discovered by microwave re-
mote-sensing observations.
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